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2 Fax: +33 562 74 45 58.The selective recognition of antigenic peptides by T cells requires the spatio/temporal integration of
a panoply of molecular triggers. The space frame of T cell antigen receptors (TCR) interaction with
peptide/MHC complexes (pMHC) displayed by antigen presenting cells is delineated by the microm-
eter-scale area of the immunological synapse. The time frame of T cell stimulation is governed by a
series of short TCR–pMHC interactions that are integrated into sustained signaling leading to pro-
ductive activation. We discuss here how approaching antigen recognition from the time and space
angles is key to the comprehension of the puzzling process of T cell activation.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The activation of T lymphocytes expressing the ab T cell recep-
tor (TCR) is a crucial event in the development of adaptive immune
responses. ab T lymphocytes circulate throughout the organism
and enter sequentially into contact with antigen presenting cells
(APC) displaying on their surface antigenic peptides bound to mol-
ecules of the major histocompatibility complex (MHC). The binding
of TCR to speciﬁc peptide–MHC complexes (pMHC) triggers a cas-
cade of intracellular signaling effectors leading to T cell cytokine
production, proliferation and/or killing of target cells. In spite of
remarkable progress in the ﬁeld of T cell activation, the mecha-
nisms underlying exquisite sensitivity and speciﬁcity of T cell re-
sponses are still poorly understood. In particular, how T
lymphocytes can speciﬁcally detect a few cognate ligands dis-
persed within outnumbering non-cognate pMHC on the APC sur-
face remains to be elucidated. In the present review we will
focus on this central issue of T cell activation by considering two
critical parameters: space and time.
T cells are highly motile and scan most of the body spaces in
search for rare APC presenting the antigens that will trigger their
activation. Once the T cell/APC cognate interaction is established,chemical Societies. Published by E
an, 31024 Toulouse Cedex 3,
Valitutti), coombs@math.ubc.the spatial frame is restricted to the cellular interface, named the
immunological synapse (IS). At this specialized contact area, the
TCR and multiple accessory molecules are simultaneously engaged,
leading to the activation of varied and interconnected signaling
pathways [1,2]. As we will discuss in this review, these profound
changes in spatial organization are instrumental for signaling in
T cells and most importantly, create a privileged site for cell–cell
cooperation, allowing selectivity of T cell responses. In other
words, the signaling and effector functions displayed by T cells
are driven by their own ‘‘spatial perception”.
The time frame of T cell activation encompasses molecular
events happening within seconds and sustained for hours or days
up to the acquisition of functional properties. As we will discuss
in this review, time plays a key role in the process of T cell
activation. The duration of TCR mediated signal transduction in
individual T cells (occurring on the scale of hours) and the dura-
tion of TCR/pMHC binding half-lives (on the scale of seconds)
are crucial parameters in T cell activation. Moreover, depending
on the activation state of responding T cells, the quality of the
presented antigen, the context of the antigenic stimulation, as
well as duration and ‘‘rhythm” of productive TCR signaling can
profoundly inﬂuence activation and effector functions in T
cells.
Here, we will ﬁrst consider the spatial characteristics of T cell
responses. We will then focus on the role of time in modulating
T cell activation. Finally, we will discuss how IS serve as privileged
platforms for time/space integration where multiple TCR/pMHC
engagements work together to discriminate between antigenic
ligands, sustain signaling and tune T cell biological responses.lsevier B.V. All rights reserved.
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2.1. Probing the environment in search for speciﬁc APC
Our T cell pool can be considered a highly developed sensory or-
gan [3] composed of individual cells able to patrol almost the en-
tire body in search for rare APC presenting the antigenic peptides
able to stimulate their TCR. During the interrogation of an APC, T
cells must discriminate between peptides derived from self pro-
teins and foreign proteins in a way that depends only on the bind-
ing properties of the pMHC to the TCR. How can such apparently
improbable speciﬁc encounters ﬁnally occur? Naive T cell/APC
encounters take place in the T cell zones of the secondary lym-
phoid organs, where the distribution of APC within a 3-D network
of ﬁbroblastic reticular cells (FRC) embedded in extra cellular ma-
trix (ECM) ﬁbers favors T cell scanning [4]. T cells themselves are
specialized as highly efﬁcient scanning entities, able to alternate
between high-speed migration and arrest upon APC encounter.
Cells migrating in response to a chemokine are elongated and
polarized with a leading edge lamellipodium and rear uropodium,
while T cells in contact with APC are relatively immotile and round.
However, we and others have shown that the T cell/APC contact is
very dynamic [5,6]. Indeed, T cells entering into contact with APC
exhibit dynamic lamellipodia that tend to embrace the APC surface
[5,7] (Fig. 1A).
It has been proposed that rapid transitions from the migratory
to synaptic form allow the T cell lamellipodium to serve as an
adaptable sensory and contact structure, controlling both migra-
tion and APC encounter [8]. The T cell lamellipodium undergoes
contractile oscillations driven by cycles of F-actin polymerization
and myosin II dependent contractions [9]. This supports not only
the generation of forces for scanning, but also the formation of a
dynamic framework for receptor dynamics. In conclusion, T cells
exploit the distribution of APC and their own, rapid, stop-and-go
dynamic motility, to expedite their search for the right APC. We
will see in the next section that antigen recognition and subse-
quent cellular activation are themselves driven by spatial organiza-
tion at the scale of the IS.
2.2. Structuring segregated domains at the synaptic scale
Upon APC encounter and speciﬁc antigen recognition, T cells
assemble the IS, a highly organized structure at the cell interface.Fig. 1. Key spatial events driving T cell activation. (A) APC scanning in tissues. A T cel
lamellipodium enriched in F-actin (green) and a trailing uropodium. Upon APC encounte
more stable synapse (contact with APC#2). (B) Concentric domains at the IS. The prot
molecular activation clusters (SMAC): the central SMAC (cSMAC), the peripheral SMAC (
look at the dynamics of the TCR and associated signaling molecules shows that these m
centripetally towards the cSMAC in an actin-dependent fashion (green arrows). Product
reach the IS center. (D) Polarized secretion at the IS. In parallel to serving as a signalin
organizing center) and the secretory apparatus toward the APC.The prototypical synapse, as originally described by A. Kupfer
and co-workers, is a discoid structure with a diameter of 5–6 lm.
The IS is organized into molecularly distinct, concentric regions
including the central supra-molecular activation cluster (cSMAC),
the peripheral supra-molecular activation cluster (pSMAC) and
the distal supra-molecular activation cluster (dSMAC) [1,10]. The
cSMAC is enriched in TCR and PKC-hmolecules and appears to reg-
ulate both TCR signaling and degradation. The pSMAC deﬁnes a
ring of LFA-1 and talin involved in adhesion. The dSMAC is the out-
er ring of the IS made of a radial lamellipodium enriched in F-actin
[8,11]) (Fig. 1B). However, the concentric and symmetric organiza-
tion of the prototypical IS should be seen as one possible state of a
very dynamic, adaptable and plastic structure [12]. IS may exhibit
distinct molecular compositions and functional domains according
to the T cell activation state, the type of the APC and the quality of
the antigen [13]. IS may also exhibit different shapes, in particular
if one considers the moving synapse, or kinapse [14]. T cells appear
to form a motile contact rather than a synapse following reduced
stimulation strength with low dose agonist [15] or low-potency
TCR stimuli [16], or if they have been recently activated [17].
2.3. Subdividing signaling domains at the IS
A central question is how spatial segregation of receptors at the
IS contributes to the optimization and tuning of signalling. From its
basic spatial organization into SMACs, the IS appears to support
different signalling patterns depending on the type of stimulation.
It has been shown that, depending on the strength of antigenic
stimulation, the cSMAC can serve as a platform for sustained TCR
signaling [1,2,18] or for TCR degradation [18,19]. Therefore the
center of the IS appears to play a key role in balancing the activa-
tion and the extinction of the T cell signaling process [20]. Follow-
ing the original ﬁnding that the IS is spatially organized into
generally radial SMACs, TIRF microscopy provided further informa-
tion on small-scale molecular patterning within the IS. In T cells
interacting with artiﬁcial surrogate APC (planar lipid bilayers con-
taining MHC and ICAM-1 embedded proteins), TCR and associated
signaling molecules were shown to be packed into dynamic
microclusters. TCR microclusters are signalling structures since
they contain ZAP-70, LAT, SLP-76 and Lck [21,22]. They continu-
ously appear at the dSMAC and, following a centripetal actin ﬂow
[23] rapidly move toward the cSMAC, where they lose detectable
signaling activity (Fig. 1C).l migrating through a tissue adopts an elongated morphology with a leading edge
r, a T cell may either form a moving synapse or kinapse (contact with APC#1), or a
otypical mature synapse is a discoid structure organized into 3 concentric supra-
pSMAC) and the distal SMAC (dSMAC). (C) Microclusters as signaling units. A closer
olecules are organized as microclusters that form at the dSMAC and rapidly move
ive signaling occurs during this short travel and is terminated as the microclusters
g platform, the IS permits polarized secretion by orienting the MTOC (microtubule
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A crucial spatial event in the T cell activation process is the re-
orientation of the secretory apparatus of T cells towards the stim-
ulatory APC [24,25]. This phenomenon has an important impact on
APC biology since, via the localized release of stimulatory cytokines
and CD40L, it allows TH cells to dedicate their help delivery to B
cells and to selectively activate cognate DC to commence IL-12 pro-
duction [24,26] (Fig. 1D). This phenomenon is also central to the
killing mechanism of CD8+ cytotoxic T cells (CTL) interacting with
individual target cells. Indeed, CTL kill target cells through the
polarized exocytosis of their lytic granules at the cell–cell contact
site where secretion has been shown to occur at a sub-domain of
the central IS area distinct from the signaling domain [27]. How-
ever, in the context of simultaneous encounter of multiple target
cells, lytic granule delivery may be uncoupled from polarization
of CTL secretory machinery [28]. It should be also noted that study
of CTL stimulated with limiting antigen concentrations has re-
vealed that efﬁcient cytotoxicity can occur without the assembly
of a stable IS, demonstrating that the segregated IS structure is
not required per se as a platform for secretion [29,30].
However, the importance of polarization of the T cell secretory
machinery to the activation process remains unclear. On one hand,
polarization of the Golgi apparatus and the recycling endosomal
compartment of T cells appears to be involved in the delivery of
TCR to the IS [31]. Accordingly, in Jurkat T cells, in which polariza-
tion of secretory machinery is inhibited, by over-expression of
dynamitin [32] or by knocking-down components of the intraﬂa-
gellar transport [33], TCR induced sustained signaling is impaired.
On the other hand, interference with the T cell polarization
machinery (via affecting either signaling or ancestral polarization
pathways in T cells) was shown to not affect TCR-mediated signal-
ing or IS formation [34,35]. In line with this view, we have recently
shown that blockade of T cell polarization (by inhibiting PKCf func-
tion) does not affect productive TCR engagement and activation of
the TH cell effector function [26].Fig. 2. Sustained signaling and transcriptional activation result from TCR engage-
ment at the IS with a few speciﬁc pMHC (yellow). Upon conjugation with cognate
APC, T cells undergo sustained signaling that results from the binding of TCR with
pMHC displayed on APC surface. Sustained signaling leads to the transcription of
cytokine genes.3. The parameter time in T cell activation
3.1. The parameter time in T cell/APC interaction: sustained signaling
triggered by a few antigenic ligands
Pioneering biochemical studies [36,37], together with more re-
cent measurements of pMHC number by FACS analysis [38], have
established that TH cells can proliferate and produce cytokines in
response to APC displaying only 50–100 speciﬁc pMHC complexes.
Even more strikingly, CTL can kill target cells expressing as few as
1–10 speciﬁc pMHC [39].
A more precise assessment of the minimum number of speciﬁc
pMHC required for T cell activation was achieved by M. Davis and
coll. through the visualization of individual ﬂuorescent pMHC at
the interface of living T cell/APC conjugates. This approach showed
that a single speciﬁc pMHC is sufﬁcient to induce a transient [Ca2+]i
increase, while sustained [Ca2+]i increase is triggered by 10–15
pMHC [40]. The same group also demonstrated that at the CTL/tar-
get cell contact site, 3 pMHC are sufﬁcient to elicit cytotoxicity
[30]. The ﬁnding that T cells bearing tens of thousands of TCR
can be activated by so few antigenic determinants is perhaps the
most distinctive feature of T cell antigen recognition.
Monitoring of [Ca2+]i or phosphoinositide 3-kinase (PI3K) acti-
vation in individual T cell/APC conjugates showed that individual
T cells undergo sustained signaling when interacting with APC
bearing cognate pMHC [5,6,41–43] and that signaling is sustained
even at low pMHC densities [5,40]. Sustained signaling, over a per-iod of a few hours, is essential for cytokine production and prolif-
eration in effector T cells, while naive T cells require an even longer
signaling period to be activated [5,44–46]. Sustained [Ca2+]i in-
crease induces the prolonged nuclear translocation of the tran-
scription factor NFAT, which is essential to initiate and sustain
IL-2 gene transcription [47]. The sustained synaptic activation of
PI3K leads to the Akt-dependent sequestration of the transcription
factor FoxO1 outside the nucleus favoring T cell proliferation [48].
It is interesting to note that not only the duration of signaling but
also ﬂuctuations of signaling intensity and frequencies may deter-
mine T cell responses [49,50].
Taken together, the above-discussed ﬁndings characterize T cell
activation as a sustained signaling process that requires hours (or
even days) for completion and that can be triggered by a very small
number of presented pMHC (Fig. 2).
3.2. The parameter time in TCR/pMHC engagements: kinetic proof-
reading and serial TCR engagement
The kinetic proof-readingmodel posits that T cells translate sub-
tle differences in TCR/pMHC binding into quantitatively and quali-
tatively different responses [51]. The model postulates that TCR/
pMHC binding triggers a signaling cascade with several sequential
intermediates. The correct assembly of the whole signaling cascade
results in TCR activation. Agonist pMHC ligands remain bound to
TCR for long enough to activate the complete signaling cascade,
resulting in productive signal transduction. Weaker ligands, such
as partial agonist and antagonist pMHC, do not engage TCR long en-
ough for the signaling cascade to complete, and lead to defective
activation [51]. Measurements of TCR/pMHC binding kinetics, by
showing that ligands with longer binding half-lives in solution are
generally stronger TCR agonists, provided experimental support
for the kinetic proof-reading model (reviewed in [52]).
The serial triggering model was inspired by the observation that
sustained signaling in T cells interacting with APC bearing few spe-
ciﬁc pMHC requires a prolonged accessibility of pMHC to TCR bind-
ing [5]. This raised the question of how TCR could remain bound to
the same pMHC for long enough to achieve sustained signaling.
The observation that, during a 5-h T cell/APC interaction 100 spe-
ciﬁc pMHC induced down-regulation of up to 18,000 TCR (followed
by their degradation in lysosomes) suggested serial engagement of
many TCR by each cognate pMHC [53]). The serial TCR engagement
explains how a few speciﬁc pMHC can trigger sustained signaling
in T cells [53].
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on the direct visualization of TCR dynamics at the IS but on estima-
tion of TCR/pMHC stoichiometry using TCR down-regulation as a
parameter of TCR occupancy. This approach has been challenged
by the ﬁnding that a fraction of non-engaged TCR could, under cer-
tain circumstances, be co-modulated in a bystander fashion. The
occurrence of co-modulation mechanisms is controversial and ap-
pears to depend on the cellular model. Substantial co-modulation
of non-engaged TCR was observed in Jurkat cells and mouse
hybridomas [54–56]. Conversely, no or low co-modulation of
non-engaged TCR was found in human T cell clones and in T cells
from TCR transgenic mice [46,53,57]. Finally, computational analy-
sis of TCR down-regulation kinetics suggests that TCR co-modula-
tion may be most important during the ﬁrst few minutes of the T
cell activation process, followed by a long period of simple serial
engagement and downregulation [58].
Taking the kinetic proofreading and serial engagement models
together implies that while short half-lives of TCR/pMHC binding
may prevent successful TCR associated signal transduction, overly
long half-lives could reduce the efﬁciency of TCR serial engagement.
This prediction is supported by computational studies [59,60] and
by experimental results indicating that T cell activation is optimal
within a deﬁned half-life window of TCR/pMHC bindings measured
in solution [61–63]. However, other studies failed to show an opti-
mal half-life of TCR/pMHC binding for T cell activation [64,65], cast-
ing doubts on the importance of serial TCR engagement.
Most recently, a pair of detailed studies have shown the impor-
tance of both the forward and reverse reaction rates of the TCR/
pMHC interactions in T cell activation [66,67]. These ﬁndings rec-
oncile previous apparently contradictory reports on the relation-
ship between TCR/pMHC binding properties and T cell biological
responses as detailed below.Fig. 3. (A) Conﬁnement time model for TCR–pMHC binding. Free pMHC and TCR
enter and leave close proximity at diffusion-limited rates k+ and k respectively.
While in proximity, they may bind and unbind with chemical rates kon and koff. (B)
Kinetic proofreading model with memory. An extension of the basic conﬁnement time
model has been proposed to include kinetic proofreading with memory. When
bound, TCR undergo sequential signaling events and become progressively more
activated as long as binding continues. The standard kinetic proofreading model
assumes that all signaling modiﬁcations at the TCR are lost upon unbinding. Here,
upon unbinding, TCR may move out of proximity (rate k) or lose their memory of
signal, but may also rebind and continue with kinetic proofreading.4. The 2-D TCR/pMHC binding kinetics: time-space integration
at the molecular scale
4.1. Conﬁnement time model of TCR/pMHC binding
TCR/pMHC binding occurs within the conﬁnes of the IS, with
both binding partners diffusing in their respective cell membranes.
For this reason, the binding interaction occurs under very different
conditions than a 3-D interaction between soluble partners. An
important effect of the conﬁned 2-D geometry is that diffusion is
relatively slow and therefore receptors that unbind have an appre-
ciable chance of rebinding before they move out of proximity. This
effect allows pMHC with relatively short binding half-lives to acti-
vate individual TCR via multiple binding events [68].
Thepredicted rebinding effect has beenhighlighted in two recent
studies of T cell activation by deﬁned ligands. In one study a panel of
mutated pMHC was used to activate cytotoxic T cells, with precise
control of pMHC density on a supported bilayer. The datawas corre-
lated with pMHC/TCR afﬁnity, unbinding rate, and also a conﬁne-
ment time model which estimates the time a TCR–pMHC pair
remains in close physical proximity and is therefore able to perform
multiple binding events. The conﬁnement timemodel was found to
provide the most reliable description of cellular activation across a
panel of 14pMHCvariants [66]. Very similar results, correlatingacti-
vation to conﬁnement time, were independently established for a
CD4+ T cell system by Govern et al. [67]. Of particular interest is
the ability of the conﬁnement time model to reconcile apparently
contradictory previous reports, which differed on the relative
importance of TCR/pMHC binding afﬁnity and lifetime. When the
forward binding rate is high, the conﬁnement time model reduces
to a model where bond afﬁnity alone determines the potency of
the pMHC, in agreement with certain previous reports [65,69]. Inthe other limit where the forward binding rate is low, the conﬁne-
ment timemodel reduces to amodelwhere thebond lifetime ismost
important, in agreement with other reports [61,62] (Fig. 3).
In order for this to occur, TCR must be able to integrate informa-
tion in the form of biochemical signals from multiple binding
events. This can be achieved if the TCR holds a biochemical ‘‘mem-
ory” of signals from prior short-lived engagements. However, the
memory must be short in order to prevent activation by high den-
sities of weakly-binding ligands. A theoretical model of rebinding
and memory was analyzed by Dushek et al. [68], showing that a ki-
netic proofreading model augmented with a short-time memory
(decaying with a second or less) does behave in this way, and fur-
ther, increases cellular sensitivity to high on-rate pMHC (Fig. 3).
An important element of the conﬁnement time model that has
not been completely characterized is the role of the TCR co-recep-
tors CD4 and CD8. The independent binding of a co-receptor to
MHC should reduce the mobility of pMHC and was predicted to
signiﬁcantly increase the rate of rebinding and therefore increase
the sensitivity of the TCR to weakly binding pMHC [68]. Both
CD4 and CD8 are known to improve cellular sensitivity [69–72].
However, although CD8 has been shown to stabilize TCR–pMHC
binding [73], CD4 is not thought to have the same effect [72]. A re-
cent computational study offers a possible explanation, by showing
how small differences in co-receptor afﬁnity could translate to sig-
niﬁcant changes in the potential for binding; this study also high-
lights an important effect of the co-receptor in delivering Lck to the
signaling complex [74].
4.2. 2-D measurements: the importance of the on rate
Despite the success of conﬁnement-time models in explaining
activation data as a function of the kinetic parameters measured
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situation within the IS. In particular the true values of the two-
dimensional kinetic constants for the TCR/pMHC bond at the IS
were not measured until this year. By detecting modulations in
the ﬂuctuations of the position of a cell during formation and
breaking of a single bond, Huang et al. measured 2-D binding
kinetics [75]. Their ﬁndings (based on a single TCR interacting with
different pMHC and measuring EC50 in a separate assay) indicate
that pMHC potency is well-correlated with the 2-D on- and off-
rates. In this study high 2-D afﬁnities between TCR and pMHCwere
found to be driven by fast on-rates, while 2-D off-rates were found
to be much faster than those measured in solution, suggesting a
mechanism of T cell activation based on serial TCR engagement
and re-binding by a few pMHC agonists [75]. In an alternative ap-
proach, Huppa et al. used FRET between TCR (on cells) and pMHC
(on supported bilayers) to measure the 2-D kinetics of binding
[72]. Also in this study the 2-D dissociation of TCR/pMHC was sig-
niﬁcantly increased when compared to solution measurements
and was paralleled by faster 2-D on-rates.
In summary, our understanding of nanometer-scale TCR/pMHC
dynamics is developing rapidly with the application of powerful
biophysical techniques and mathematical/statistical analysis. It
will be essential to extend these in-situ measurements to more
TCR/pMHC systems and to measure the time dynamics of different
cellular responses, in order to develop a complete and accurate
theory linking single-bond kinetics at the IS to the cellular re-
sponse. An additional challenge that should not be underestimated
is to understand the effects of TCR plasticity in determining the
rate constants governing the system [76].
5. Immunological synapses as platforms for signaling: time and
space integration at the cellular scale
In this last section we will move back to the cellular scale and
discuss how time and space parameters are intimately intercon-
nected during the activation process at the IS.Fig. 4. Spatio/temporal integration of productive T cell/APC encounters. T cell activation r
panels) or more (right panels) APC. Sequential encounters can lead to partial or rudimeIn particular, several lines of evidence support the notion that
spatial events modulate the time scale of T cell responses at the
cellular level. First, it is interesting to note that sustained signaling
is not an intrinsic property of TCR/pMHC binding but results from
their engagement at the cell–cell contact site. T cells undergo sus-
tained signaling following interactions with soluble multimeric
pMHC [77] or with monovalent ligands displayed on solid surfaces
such as lipid bilayers [2]. Conversely, when T cells are stimulated in
suspension by soluble monovalent TCR ligands, signal transduction
is transient, resulting in defective T cell activation [78]. Thus, the
spatial organization of TCR triggering inﬂuences the duration of
signaling in T cells.
Secondly, at limiting antigenic concentrations, T cell/APC inter-
actions have been shown to be sustained and dynamic. Upon the
encounter with cognate APC, T cells change their shape and motil-
ity proﬁle by establishing large and mobile contact areas with APC.
During this process, T cells are able to sum up signals collected on
the APC surface by sustained or sequential engagements of TCR
with their antigenic ligands and are also able to sum up inter-
rupted activation periods when this is required [79,80] (Fig. 4). This
illustrates how complex organization of T cell/APC contacts (motile
and sequential) may delay or prolong the timing of T cell activa-
tion. It also reveals the extraordinary capacity of T cells to integrate
activation events that are uncoupled both in time and space
frames. It is interesting to note that T cell activation by interrupted
signals appears to be rudimental or at least limited to deﬁned re-
sponses such as IFN-c production by effector T cells [80] or CD25
up-regulation by naive T cells [81]. This indicates that, while stable
contacts are the instrument of full T cell activation, intermittent
signals can ‘‘pre-ignite” a T cell [15]. According to this view, active
mobility could be seen as a strategy to fuel the T cell activation
process at limiting antigenic stimulation by allowing, on one hand
to scan the APC surface in search for antigenic ligands [14] and on
the other hand to allow rapid multiple productive encounters with
APC [15]. Again, in this process, time and space parameters appear
to be deeply interrelated.esults from the integration of stimulatory signals collected on the surface of one (left
ntal activation.
4856 S. Valitutti et al. / FEBS Letters 584 (2010) 4851–4857The notion that T cells can integrate signals that can be sus-
tained or sequential implies that one or multiple ‘‘counting
devices” are at work in T cells to allow signal accumulation, decod-
ing and translation into biological responses. The molecular iden-
tity of such ‘‘counting devices”, their localization and the timing
of their activation are presently elusive. The observation that T
cells can be activated by interrupted synapse formation [80] indi-
cates that the summation process does not require full IS integrity,
suggesting that IS might act as reading devices rather than as
decoders of signal summation.
Finally, the time and space parameters are also central to the
termination of the T cell activation phase. The space accompanying
the end of a synaptic interaction is though to be the cSMAC, since it
has been shown to be the main site of TCR endocytosis [18]. A T cell
that has down-regulated sufﬁcient TCR may lose the ability to
maintain a stable interaction with a single APC, especially in a
chemokine-rich environment that promotes T cell motility. Therefore,
the termination of the T cell activation process is also regulated by
space and time.
In conclusion, a combination of space and time frames works to
regulate the entire life-cycle of productive T cell/APC interactions,
contributing to the remarkable ﬂexibility and efﬁciency of T cell
biological responses.
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